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Compact effective pseudopotential (CEP) is adapted in the G3 theory providing a theoretical alterna-
tive referred to as G3CEP for calculations involving the first-, second-, and non-transition third-row
elements. These modifications tried to preserve as much as possible the original characteristics of
G3. G3CEP was used in the study of 247 enthalpies of formation, 22 atomization energies, 104 ion-
ization potentials, 63 electron affinities, and 10 proton affinities, resulting in the calculation of 446
species for the first-, second-, and third-row atoms. The final average total absolute deviation was of
1.29 kcal mol−1 against 1.16 kcal mol−1 from all-electron G3 for the same calculations. The CPU
time has been reduced by 7% to 56%, depending on the size of the molecules and the type of atoms
considered. © 2011 American Institute of Physics. [doi:10.1063/1.3609241]
I. INTRODUCTION
Combinations of sequential sets of ab initio calculations
at different lower levels of theory in order to obtain accurate
properties of atoms and molecules have been used success-
fully in substitution of more sophisticated and computation-
ally expensive higher level methods.1 The main objective of
this combination of results is to estimate the tendency of the
basis set and electron correlation effects.
The Gaussian-n theory2–10 is among the most accurate
combined methods applied to predict thermochemical data
with an accuracy of ±2 kcal mol−1 for properties such as ion-
ization energies, electron affinities (EA), enthalpy of forma-
tion, and proton affinities (PA). One of its most recent versions
is the Gaussian-3 theory or simply G3 (Ref. 2), which intro-
duces several modifications and improvements with respect
to earlier G1 (Ref. 9) and G2 (Ref. 10) versions. In G3 theory
the final energy achieved by the combination of different ab
initio contributions are comparable with a QCISD(T,full)/G3
large calculation and its first version provided an accuracy of
0.94 kcal mol−1 for 148 calculated enthalpies.2 The method
has been tested in several atoms and molecules11 forming
a test set that has increased since the G1 versions. The
G1 theory was tested against 125 species.9 The G2 test set
was increased by 176 new species to a total of 301 and
it is referred to as G2/97 (Ref. 12) containing essentially
atoms of the first and second rows of the periodic table.
The first G3 version was tested against G2/97 and later the
set was expanded to 376 species and named G3/99.13 The
most recent version of G3 was evaluated against 454 com-
pounds including molecules with elements from the third-
row.11 This latest set provided an average absolute devia-
tion of 1.1 kcal mol−1 for all calculated properties indi-
cating that the G3 fundamental assumptions made by the
a)Author to whom correspondence should be addressed. Electronic mail:
roger@iqm.unicamp.br. Tel.: +55-19-35213104. Fax: +55-19-35213023.
authors preserve the tendency of the expected chemical
accuracy.11
In spite of quantitative improvements of thermochemi-
cal data calculated with respect to G1 and G2, the G3 theory
has been applied for larger systems at the expense of large
computational efforts, as is usual for conventional correlated
ab initio methods. Pseudopotentials have been applied suc-
cessfully to ab initio calculations, eliminating core electrons,
also providing accurate results for many structural, spectro-
scopic, and thermochemical properties. However, the use of
pseudopotential was seldom employed in combination with
any of the Gn methods. To the best of our knowledge the
first attempt was described in the paper by Glukhotsev et al.14
They explored the use of pseudopotential for bromine- and
iodine-containing molecules in G2 calculations. The accuracy
of properties such as ionization energies, electron affinities,
atomization energies, etc. were comparable to the original G2
results. An attempt to implement pseudopotential in G3 was
developed by Burda et al.15 In their paper the hydration of
some platinum complexes was calculated. The main objective
was not to develop a general procedure to use pseudopoten-
tial with G3, but to explore the use of pseudopotential for the
platinum atom.
One of the possible reasons to avoid pseudopotential in
combined methods such as Gn is the necessary improvement
of core polarization effects and the inclusion of core corre-
lation contributions incorporated in G3 and neglected in G1
and G2 theories.2 The presence of core effects makes clear
that reproducing G3 accuracy by adapting a pseudopotencial
is very difficult if these two effects are strongly relevant for
the thermochemical calculations and that a similar behavior of
deviations between a modified G3 calculations and the origi-
nal G3 theory with respect to the experimental data probably
will not be found. The success of a modified G3 method will
stand for thermochemical properties if most of these effects
are canceled when calculation is carried out between reagents
and products.
0021-9606/2011/135(3)/034106/14/$30.00 © 2011 American Institute of Physics135, 034106-1
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
143.106.108.169 On: Thu, 02 Jul 2015 13:15:31
034106-2 Pereira et al. J. Chem. Phys. 135, 034106 (2011)
The objective of this paper is to implement and test a
pseudopotential to be used with the G3 theory for molecules
containing first-, second-, and non-transition third-row atoms.
In order to make the implementation as simple as possible the
main features of the G3 theory were preserved and changes
were considered only in contributions where the calcula-
tions with pseudopotential presented deviations larger than
2 kcal mol−1 with respect to the experimental results.
The pseudopotential developed by Stevens, Krauss, and
Basch16–18 often identified in the literature as compact effec-
tive pseudopotential (CEP)16–18 was used in the G3 imple-
mentation. The adaptation of CEP to G3 will be referred to as
G3CEP.
II. FROM G3 TO G3CEP
The conventional G3 theory is well described in the
literature2 and its final energy identified as G3 energy (EG3)
can be represented by
EG3 = E[MP4/6 − 31G(d)] + E+ + E2d f,p + EQCI
+EG3large + ESO + EHLC. (1)
The components of Eq. (1) correspond to the following
set of corrections to an MP4/6–31G(d) calculation: (a) for
diffuse functions, E+ = E[MP4/6–31+G(d)] – E[MP4/6
–31G(d)], (b) for polarization functions on non-hydrogen
atoms and p-functions on hydrogens, E2df, p = E[MP4/6
–31G(2df,p)] – E[MP4/6–31G(d)], (c) for electron correla-
tion effects beyond fourth-order perturbation theory with re-
spect to the method of quadratic configuration interaction,
EQCI = E[QCISD(T)/6–31G(d)] – E[MP4/6–31G(d)], (d)
for larger basis sets with polarization and diffuse functions,
EG3large = E[MP2(full)/G3large]-E[MP2/6–31G(2df,p)]-
E[MP2/6–31G+(d)] + E[MP2/6–31G(d)], (e) for the spin-
orbit correction taken from atomic experiment and theoret-
ical calculations, ESO, and (f) for a term to take into ac-
count higher-level correction (HLC) due to different effects
from electronic organization and some residual basis set ef-
fect, EHLC = −A nβ – B (nα – nβ) for molecules and EHLC
= −C nβ – D (nα – nβ) for atoms, where nα and nβ are the
number of valence electrons with alpha and beta spins, respec-
tively, nα ≥ nβ and A, B, C, and D are parameters optimized to
give the smallest average absolute deviation from experiment.
A final contribution to the total energy is the inclusion of
the zero-point energy at 0 K and if necessary thermal effects
caused by the increase of the temperature to 298.15 K from
statistical thermodynamic components.2–12
The molecular geometry considered in the G3 theory for
all the calculations is obtained at the MP2(full)/6–31G(d)
level and the vibrational frequencies are determined from a
scaled HF/6–31G(d) calculation.
The modifications from G3 to G3CEP can be carried out
in different ways. The main difference between both methods
is in the basis set choice to be used along with the pseudopo-
tential and the elimination of the inner electronic correlation
effects considered in the MP2(full) geometries optimization
and determination of the EG3large component.
A. First- and second-row atoms
Considering the excellent results obtained with G3, the
steps involving the 6-31G basis set were modified by sub-
stituting the inner electrons by CEP but preserving the va-
lence basis set and diffuse and polarization functions from
the conventional 6-31G basis set. In other words, the orig-
inal basis set accompanying CEP were substituted by the
valence basis set 31G(d), 31+G(d), and 31G(2df,p) from
6-31G(d), 6-31+G(d), and 6-31G(2df,p), respectively. The re-
sults showed an acceptable accuracy with respect to the G3
method.
The greater difficulty, responsible for significant devia-
tions in the accuracy of G3CEP, as expected, is the treat-
ment of the largest basis set used at the MP2 level, named
G3large. These basis sets were developed to be used with G3
and to take account of some core correlation contributions.2
The simplest alternative capable of providing accuracy com-
patible with G3 is to maintain the valence basis set keeping
the original contraction scheme and for some particular atoms
to determine a single scale parameter adjusting the s and sp
exponents in order to minimize deviations with respect to ex-
perimental results.
Ionization energies, electron affinities, and proton affini-
ties present remarkable accuracy comparing the original G3
with different formulations of G3CEP. In these cases, the ob-
served accuracy is a consequence of the small effect of core
electrons or an appropriate description of valence effects or
even good cancellation of error in similar species. Reagents
and products in any of these three processes differ by only
one proton or one electron. However, calculations of enthalpy
of formation, where reagents and products can present dras-
tic changes in electronic structure, yield very large deviations
with respect to experimental data or G3 results. These en-
thalpies of formation showed that the atoms susceptible to
adaptation in the valence basis set were fluorine, phospho-
rous, oxygen, chlorine, and nitrogen and the optimum scaling
exponents were 0.9125, 0.8173, 0.9400, 1.0262, and 0.9660,
respectively.
The basis sets for these selected atoms were optimized in
the molecular environment using a least square function with
the experimental enthalpies of formation as reference data and
considering a very small number of molecules to be adjusted.
The least square function was defined in terms of the absolute
deviation between the theoretical and experimental results
according to: Q = ∑ni=1 |H 0f (i ; exp) − H 0f (i ; G3C E P)|.
For fluorine and oxygen atoms the following molecules
were used: (a) fluorine: F2, CF4, C2F4, CH2F2, SiF4, AlF,
CH2=CHF and (b) oxygen: H2O, O3, N2O4, HCOOH,
HCOOCH3, H2O2. For phosphorous, nitrogen, and chlorine
the scaling parameters were simultaneously optimized for the
three atoms considering the molecules: P4, PCl3, PCl5, BCl3,
Cl2, SCl2, CHCl3, CH3Cl, HCN, CH3CN, (CH3)3N. All the
molecules used in the optimization process were selected at
random from G3CEP calculations using the original truncated
G3large basis set whose enthalpy of formation presented
either significant deviations or excellent agreement, when
compared with the experimental data. The optimization was
carried out with the modified simplex method of Nelder and
Mead.19
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An example of the truncated basis set for the silicon and
phosphorus atoms is shown in Table I. For silicon the corre-
sponding G3large basis set to be used along with the pseu-
dopotential is essentially the same differing by only the elim-
ination of the innermost shell. For phosphorous the elimina-
tion of the innermost shell is followed by the application of a
scaling parameter in s and sp functions, in this particular case,
ζ = 0.8173, which is squared and multiplied by the s and p
Gaussian exponents of the remaining basis function, as shown
in Table I. It is worth noting that fundamentally only the in-
nermost basis sets were removed, but the additional functions
responsible for the core polarization effects or diffusion and
polarization functions were preserved.
A final adjustment in G3CEP was the optimization of the
“higher-level correction.” For the G3 theory all four param-
eters were optimized with respect to all enthalpies of forma-
tion, ionization energies, and electron and proton affinities.
This particular optimization included compounds containing
non-transition third-row atoms and discussed below. The rec-
ommended parameters used for all the G3 calculations are:
A = 6.386 mEh, B = 2.977 mEh, C = 6.219 mEh, and D
= 1.185 mEh. Further attempts to improve the results for
G3CEP theory were a reoptimization of these four parameters
(A, B, C, and D), taking into account the same four properties
(enthalpy of formation, ionization energy, electron and proton
affinities) considered in the G3 theory. The parameters were
optimized to the smallest average absolute deviation from ex-
periment and provided the following results: A = 6.937 mEh,
B = 2.346 mEh, C = 7.183 mEh, and D = 1.170 mEh. Dur-
ing the presentation of the results the effects of both sets of
parameters will be discussed.
B. Non-transition third-row atoms
Non-transition third-row elements present more than one
alternative for the 6-31G basis set for, K, Ca, Ga, Ge, As,
Se, Br, and Kr and were treated apart from the first- and
second-row elements. There is the 6-31G basis set devel-
oped by Rassolov et al.20 and a default option used in
GAUSSIAN program21 developed by Binning and Curtiss.22
The main difference between both sets is that Rassolov’s
bases present a contraction scheme as [66631,6631,31],
where the notation corresponds to the [s,p,d] Gaussian con-
tracted functions. The basis set developed by Binning and
Curtiss22 present a different number of primitives contracted
according to [821111,6311,51] for As, Br, Ga, Ge, Kr, and Se.
K and Ca present a [66631,6631,1] contraction. Another im-
portant difference between both sets is that Rassolov’s basis
set considers the shell arrangement with the same exponents
for s and p functions, while Binning and Curtiss’ basis set are
more flexible and the exponents for s and p Gaussian func-
tions are optimized independently.
In this paper both basis set were adapted to G3CEP for
the non-transition third-row elements. The basis set devel-
oped by Rassolov et al.20 present a cutoff similar to the one
used for the 6-31G basis set. In other words, only the 31G
valence set was preserved to be used with the CEP pseudopo-
tential. For the basis set developed by Binning and Curtiss22
only the innermost s and p contracted functions were re-
moved changing the original basis set from [821111,6311,51]
to [21111,311,51]. For K and Ca only the [31,31,1] contracted
set were preserved.
The G3large basis set is the same for both versions
of G3CEP. K and Ca present a G3large contraction as
[631111111,6311111,3111111,111] and from Ga to Kr the
basis set is [631111111,43211111,3111111,111], where the
contraction involves [s,p,d,f] Gaussian functions. These large
basis set were truncated similar to the first- and second-
row elements by removing only the innermost s contrac-
tion function providing a final G3large truncated basis set
as [31111111,6311111,3111111,111] for K and Ca and
[31111111,43211111,3111111,111] for Ga to Kr. It is impor-
tant to say that Gallium has two alternative CEP representing
10 or 28 core electrons.17 In our study we used the CEP for
Ga with 28 core electrons.
In order to minimize deviations larger than 2 kcal mol−1
between calculated and experimental atomization energies for
molecules involving these third-row atoms the s and p basis
set of the G3large functions were scaled by a single param-
eter for some particular atoms using the same procedure de-
scribed previously for the first- and second-row elements. The
atoms selected to have scaled s and p basis set are As, Se,
and Br. The three scaling parameters were optimized simulta-
neously for the following molecules: As2, AsH2, AsH3, Br2,
CH3Br, BrCl, NaBr, KBr, SeH2 e SeH. Two sets of parameters
were obtained for these atoms depending on the basis set used
for all the other G3CEP calculations either Rassolov et al. or
Binning and Curtiss basis set. The optimum scaling parame-
ters for G3large to be applied to As, Se, and Br for G3CEP
using Rassolov’s basis set are, respectively, 0.8282, 0.8133,
and 0.8330. The parameters for the same elements for the
truncated G3large basis set using Binning and Curtiss bases
for all other calculations are 0.8673, 0.8295, and 0.8462, re-
spectively. The parameters are very similar with maximum
differences of 0.0391 units, which happens to As. The final
agreement between theoretical and experimental data is also
very similar either using Rassolov’s basis set or Binning and
Curtiss one as will be shown later.
The higher level correction parameters were optimized
for compounds containing the first-, second-, and non-
transition third-row elements and were shown previously.
Spin-orbit effect was preserved as in G3 and employed
only for atoms and molecular calculations involving ele-
ments of the non-transition third-row elements of the periodic
table.7
In summary the main changes in the G3CEP implementa-
tion for all the elements can be identified in four steps: (a) the
use of the valence contracted primitives from 6-31G and the
respective diffuse and polarization functions according to the
G3 procedure, (b) the cutoff of the G3large basis set, (c) the
scaling of the s and p valence G3large basis set minimizing
the deviations between G3CEP calculations and thermo-
chemical data, and (d) higher level correction parameters are
also adapted for the calculations involving pseudopotential
by minimizing the calculated and experimental enthalpy
of formation, ionization energy, and electron and proton
affinities.
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TABLE I. Illustration of G3large basis set for silicon and phosphorous and the respective truncated one used
with CEP. The truncated basis set for phosphorous was adjusted with a scaling parameter equal to 0.8173.a
Silicon
Original basis set Truncated basis set







s 77.629168 1.778809451E-01 s 77.629168 1.778809451E-01
30.630807 6.277648062E-01 30.630807 6.277648062E-01
12.801295 2.476229236E-01 12.801295 2.476229236E-01
s 3.926866 1.000000000E+00 s 3.926866 1.000000000E+00
s 1.452343 1.000000000E+00 s 1.452343 1.000000000E+00
s 0.256234 1.000000000E+00 s 0.256234 1.000000000E+00
s 0.094279 1.000000000E+00 s 0.094279 1.000000000E+00
p 335.483190 8.865998148E-03 p 335.483190 8.865998148E-03
78.900366 6.829898573E-02 78.900366 6.829898573E-02
24.988150 2.909579392E-01 24.988150 2.909579392E-01
9.219711 7.321168470E-01 9.219711 7.321168470E-01
p 3.621140 6.198794404E-01 p 3.621140 6.198794404E-01
1.451310 4.391483120E-01 1.451310 4.391483120E-01
p 0.504977 1.000000000E+00 p 0.504977 1.000000000E+00
p 0.186317 1.000000000E+00 p 0.186317 1.000000000E+00
p 0.065432 1.000000000E+00 p 0.065432 1.000000000E+00
sp 0.033100 1.000000000E+00 sp 0.033100 1.000000000E+00
d 8.000000 1.000000000E+00 d 8.000000 1.000000000E+00
d 1.800000 1.000000000E+00 d 1.800000 1.000000000E+00
d 0.450000 1.000000000E+00 d 0.450000 1.000000000E+00
d 0.112500 1.000000000E+00 d 0.112500 1.000000000E+00
f 7.000000 1.000000000E+00 f 7.000000 1.000000000E+00
f 0.640000 1.000000000E+00 f 0.640000 1.000000000E+00
f 0.160000 1.000000000E+00 f 0.160000 1.000000000E+00
Phosphorous
Original basis set Truncated and scaled basis set







s 91.15650 1.641616996E-01 60.89065 1.641616996E-01
36.22570 6.259096985E-01 24.19802 6.259096985E-01
15.21130 2.620743994E-01 10.16083 2.620743994E-01
s 4.71380 1.000000000E+00 3.14872 1.000000000E+00
s 1.78270 1.000000000E+00 1.19081 1.000000000E+00
s 0.34250 1.000000000E+00 0.22878 1.000000000E+00
s 0.12460 1.000000000E+00 0.08323 1.000000000E+00
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TABLE I. (Continued.)
Phosphorous
Original basis set Truncated and Scaled basis set
Shell Exponent Coefficient Shell Exponent Coefficient
p 384.84000 8.967874664E-03 257.06515 8.967874664E-03
90.55200 6.904901741E-02 60.48686 6.904901741E-02
28.80600 2.928769890E-01 19.24181 2.928769890E-01
10.68800 7.292493726E-01 7.13936 7.292493726E-01
p 4.25210 6.325821629E-01 2.84031 6.325821629E-01
1.74050 4.232995752E-01 1.16262 4.232995752E-01
p 0.59790 1.000000000E+00 0.39938 1.000000000D+00
p 0.22920 1.000000000E+00 0.15310 1.000000000D+00
p 0.83800 1.000000000E+00 0.55977 1.000000000D+00
sp 0.34800 1.000000000E+00 0.23246 1.000000000D+00
d 10.00000 1.000000000E+00 10.00000 1.000000000D+00
d 2.20000 1.000000000E+00 2.20000 1.000000000D+00
d 0.55000 1.000000000E+00 0.55000 1.000000000D+00
d 0.13750 1.000000000E+00 0.13750 1.000000000D+00
f 9.00000 1.000000000E+00 9.00000 1.000000000D+00
f 0.90000 1.000000000E+00 0.90000 1.000000000D+00
f 0.22500 1.000000000E+00 0.22500 1.000000000D+00
aThe scaling parameter is squared and multiplied by the s and sp Gaussian exponents.
III. RESULTS FOR SPECIFIC PROPERTIES
Following the consistent applications of G3 theory in
Ref. 2, four properties were selected for different atoms and
molecules containing elements of the first and second-row of
the periodic table in order to test the accuracy of G3CEP:
proton affinity, ionization potential, electron affinity, and en-
thalpy of formation.
The enthalpies of formation were calculated for standard
conditions of temperature and pressure following the proce-
dure described in Ref. 12. The proton affinities were estimated
at a temperature of 0 K following the procedure used with G3.
The ionization potentials and electron affinities were cal-
culated simply as the difference between the product and
reagent electronic energies. Both properties were estimated
considering adiabatic processes. Therefore, cations and an-
ions had their respective geometries fully optimized.
Sets of 6d and 7f primitives were used as polarization
functions for all the steps following the procedure imple-
mented in the GAUSSIAN/2003 program.21 The only excep-
tion is the MP2/G3large calculation which uses 5d and 7d
functions according to the GAUSSIAN/2003 route.
The G3CEP method was applied in the G3 test set used
in Refs. 2, 11 and 13 containing 236 enthalpies of formation,
87 ionization potentials, 58 electron affinities, and 8 proton
affinities. The general agreement between the G3 and G3CEP
performance can be observed through the mean absolute devi-
ation with respect to experimental data in Fig. 1. The two sets
of G3CEP results differ by the higher-level correction opti-
mization. The G3CEP-org bars in Fig. 1 correspond to calcu-
lations using the original higher-level correction parameters
and G3CEP-opt bars consider optimized ones. The general
behavior shows an excellent agreement between the G3CEP
and G3 theories. The use of non-optimized HLC parame-
ters for G3CEP-org provided larger deviations for all prop-
erties with respect to the G3 deviations except proton affini-
ties. The total mean absolute deviations in Fig. 1 (G3 = 1.15
kcal mol−1, G3CEP-opt = 1.28 kcal mol−1, and G3CEP-
org = 1.68 kcal mol−1) show that G3CEP-opt and G3 are
similar in accuracy. The better performance of G3 results
from a superior description of electronic interactions from
FIG. 1. Average absolute deviations with respect to experimental data for G3
and G3CEP theories on a test set comprising 389 atoms, ions, and molecules
containing first- and second-row atoms. Obs: Hf = enthalpy of formation,
IP = ionization energy, EA = electron affinity, PA = proton affinity.
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innermost electrons and maybe small changes in molecular
geometry obtained at MP2(full)/6-31G(d). The search for the
optimum geometry with pseudopotential at the MP2 level pro-
vides similar structures between G3CEP and G3. The mean
absolute deviation considering the G3 geometries as reference
is 0.02Å for bond lengths and 0.5 ◦ for bond angles. Most of
the molecules studied in the G3 test set presented essentially
the same dihedral angles.
Figure 1 also shows that G3CEP-opt presents lower mean
absolute deviations than the G3CEP-org for all properties ex-
cept for ionization energies (IP). In some cases significant im-
provement is verified as shown for enthalpies of formation
(Hf). The lowest absolute deviations with respect to the ex-
perimental data occur for EA calculated using either G3 or
G3CEP-opt. The largest deviations of G3CEP-opt with re-
spect to experimental data are observed for ionization ener-
gies (IP) with deviation of 1.42 kcal mol−1. However, the ac-
curacy of the ionization energies is excellent when compared
with other accurate ab initio methods.
The enthalpies of formation (Hf) were considerably af-
fected by the optimization of the HLC parameters and will be
discussed in more detail.
A. Enthalpies of formation
Table II shows the experimental standard enthalpies of
formation for 236 molecules and the relative results calculated
with G3CEP-org, G3CEP-opt, and G3. Significant deviations
are observed for G3CEP-org far from the G3 standard.
Several molecules present absolute deviations with respect
to the experimental enthalpies reaching values as high as 4.8
kcal mol−1 and up to 6.9 kcal mol−1 for the pathologic case
of C2F4, which even in G3 produces a deviation of 4.9 kcal
mol−1. The optimization of the HLC parameters significantly
improved the deviations with respect to the experimental
values. A close examination of histograms taken from these
three sets of results (see Fig. 2) shows a larger dispersion of
G3CEP-org with most of the results concentrated in a range
of deviation of ±3 kcal mol−1. The maximum for G3CEP-org
is localized in negative deviations around –1.0 kcal mol−1 for
a set of 17 compounds. The use of optimized HLC parameters
shifts the maximum to 0.0 kcal mol−1, similar to G3, and
increases the number of successful cases to 25. Most of the
other results from the optimized parameters are concentrated
in the range of ±2.0 kcal mol−1, similar to G3 theory.
It is worth noting that the large deviations obtained with
G3CEP-opt usually involve halogens, suggesting that in the
present scheme some care must be taken with the use of
CEP and G3 in molecules containing these atoms. Either the
adapted large basis set must be remodeled or some alterna-
tive pseudopotential should be considered. As cited by Curtiss
et al.2 the reason for these large deviations even in G3 is un-
clear, although an isodesmic bond separation scheme using
accurate experimental data also gives similarly large devia-
tions.
The general discussion of enthalpy of formation and the
effect of the optimization of HLC parameters shows signif-
icant general improvements of all properties, which will be
FIG. 2. Histograms of enthalpies of formation obtained from results calcu-
lated with: (a) all-electron G3, (b) G3CEP not including optimization of HLC
parameters (G3CEP-org), and (c) G3CEP including optimization of HLC pa-
rameters (G3CEP-opt).
discussed next. Its absence compromises the quality of results
when compared to the G3 theory. Therefore, from now on
G3CEP will be used to identify the G3CEP-opt theory and
the comparisons will be carried out only with that method.
B. Ionization energies, electron affinities,
and proton affinities
Tables III–V present the results for ionization potentials,
electron affinities, and proton affinities, respectively. Simi-
lar to the presentation of enthalpies of formation, each ta-
ble identifies the atom or molecule, the available experimen-
tal data,2, 11 and the differences between the experimental
and the calculated results obtained with G3CEP and G3,3
respectively.
The general overview and the standard deviations for the
three properties show a great similarity between G3CEP and
G3 results. The better behavior of ionization energies, and
electron and proton affinities with experimental data, as men-
tioned previously, is a consequence of a similarity between
reagents and products for the respective properties. Inclusion
or elimination of electrons and protons does not significantly
change the electronic structure and allows a convenient can-
cellation of errors. Several atoms and molecules present es-
sentially the same behavior in terms of absolute deviation
when comparing G3CEP and G3. However, that does not
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TABLE II. Experimental and theoretical enthalpies of formation (kcal mol−1) for the G3 test set. G3CEP and G3 are the differences between the experi-
mental data and the G3CEP and G3 calculations, respectively. Opt and org refer to calculations using optimized or not optimized HLC parameters.
Hf a G3CEP G3CEP Hf a G3CEP G3CEP
Molecule (exp) (org) (opt) G3 Molecule (exp) (org) (opt) G3
C2H6 − 20.1 0.9 0.4 0.3 H3COH − 48.0 − 0.2 0.5 0.1
CH2CHCHCH2 26.3 − 1.5 0.0 − 0.4 CH3 35.0 0.9 1.0 1.0
C3H8 (propane) − 25.0 − 1.5 0.3 0.3 H2 0.0 0.5 0.8 − 0.5
C4H6 (2-butine) 34.8 − 2.8 − 1.3 − 0.4 SiF4 − 386.0 2.0 − 0.2 − 1.1
C4H6 (cyclobutene) 37.4 − 3.9 − 2.4 − 2.1 NH2 45.1 0.5 0.5 0.6
C4H8(cyclobutane) 6.8 − 1.5 0.4 0.0 NH3 − 11.0 − 0.8 0.0 − 0.8
C5H8 (spiropentane) 44.3 2.2 − 0.2 − 0.4 OH 9.4 1.0 0.5 1.0
CH2 (1A1) 102.8 0.2 0.7 0.9 ClNO 12.4 − 0.8 − 1.0 − 1.0
SO 1.2 0.6 0.3 − 0.5 PH2 33.1 1.5 1.6 0.5
Si2 139.9 1.8 2.0 1.9 PH3 1.3 − 0.3 0.5 − 1.8
SiO − 24.6 − 0.4 − 0.4 − 0.7 SiH3 47.9 1.7 1.8 1.0
NCCH2CH2CN 50.1 − 1.0 0.8 − 0.2 SiH4 8.2 1.2 2.1 0.9
CH3NH2 − 5.5 − 1.4 − 0.1 − 1.0 SH2 − 4.9 − 1.3 − 1.1 − 0.4
H2CO − 26.0 1.0 1.3 0.6 O2 0.0 − 1.5 − 2.9 − 1.1
SO3 − 94.6 − 1.6 − 2.2 − 5.2 CH2 (3B1) 93.7 1.4 0.7 1.3
Li2 51.6 1.2 1.5 2.2 HS 34.2 0.3 − 0.3 0.5
HCOOH − 90.5 0.7 0.8 0.1 C2H2 54.2 − 2.2 − 1.6 − 0.7
HCOOCH3 − 85.0 1.9 2.6 1.6 C2H4 12.5 − 0.5 0.4 0.2
HCOCOH − 50.7 0.9 1.2 0.9 SO2 − 71.0 − 1.6 − 1.1 − 3.8
HCN 31.5 − 0.2 0.4 0.2 FH − 65.1 0.5 0.1 0.2
C2H4NH 30.2 0.9 2.3 − 1.2 CS 66.9 − 0.6 − 0.7 1.1
CH3CH2CH2Cl − 31.5 0.1 0.1 0.4 COS − 33.0 2.9 2.7 2.8
C5H5N 33.6 − 1.9 − 0.2 − 0.1 LiH 33.3 0.5 0.9 0.3
CH2=CHCl 8.9 3.3 3.4 3.6 BeH 81.7 1.0 0.4 − 0.5
CH2=CHF − 33.2 0.2 0.4 1.2 CH3OCH3 − 44.0 − 0.2 0.9 0.4
CH3CN 18.0 − 0.2 0.8 0.2 C2H4O − 12.6 − 0.7 0.1 0.0
CH3CH2NH2 − 11.3 − 1.0 0.7 0.0 CH3CH2OH − 56.2 − 0.8 0.3 0.1
CH2CO − 11.4 1.0 1.4 0.8 NO 21.6 0.5 0.1 − 0.2
(CH3)2CHOH − 65.2 − 0.4 1.2 0.5 CN 104.9 − 1.3 − 1.5 − 1.8
N2O3 19.8 − 1.5 − 1.4 − 2.7 CH3COCH3 − 51.9 − 1.1 0.2 0.0
N2O4 2.2 1.7 1.7 − 1.3 CH3CO (2A′) − 2.4 0.6 0.7 0.1
CH3CH=CH2 4.8 − 1.2 0.2 0.0 CH3CH2O (2A′′) − 3.7 − 0.8 − 0.8 − 1.2
CH3COOH − 103.4 − 1.3 − 0.7 − 0.1 C2H3 (2A1) 71.6 1.1 1.3 1.1
CH3COOCH3 − 98.4 0.3 1.4 0.7 CCH 135.1 1.0 0.8 − 1.2
C4H8 (isobutene) − 4.0 − 1.8 0.0 0.0 C2H5 (2A′) 28.9 − 0.8 − 0.2 0.2
CH3CCH 44.2 − 2.2 − 1.2 − 0.2 (CH3)2NH − 4.4 2.3 4.4 − 3.5
CH3NO2 − 17.8 0.4 1.0 0.0 (CH3)3C 12.3 − 3.0 − 1.5 − 0.7
cyc-C5H10NH − 11.3 − 3.4 − 0.6 − 0.9 (CH3)2CH (2A′) 21.5 − 1.7 − 0.6 0.0
OH2 − 57.8 − 0.4 − 0.2 − 0.3 C4H5N 25.9 − 2.1 − 0.5 − 1.2
HOOH − 32.5 − 1.5 − 1.4 − 1.2 C4H4S 27.5 − 3.1 − 2.1 − 0.2
O3 34.1 − 0.8 − 1.2 − 0.8 C2H4S 19.6 1.6 2.4 0.8
CO2 − 94.1 2.2 2.0 1.2 CH3CONH2 − 57.0 0.3 0.3 − 1.1
CO − 26.4 1.3 1.3 0.3 SCl2 − 4.2 − 2.6 − 3.9 − 2.0
N2O 19.6 − 2.0 − 1.5 − 1.7 CH2Cl2 − 22.8 − 0.1 − 0.8 − 0.5
CH3Cl − 19.5 − 0.1 0.0 − 0.1 CF3CN − 118.4 3.8 2.5 1.8
CHCl3 − 24.7 − 0.7 − 0.8 0.0 CHF3 − 166.6 2.3 0.8 0.5
CCl4 − 22.9 2.3 0.0 1.7 ClF3 − 38.0 0.4 − 2.0 − 1.9
S2Cl2 − 4.0 2.3 1.1 0.1 COF2 − 149.1 − 1.6 − 2.9 − 3.4
SiCl4 − 158.0 − 2.7 0.4 0.0 FCl − 13.2 − 0.0 − 1.2 − 0.7
SiCl2 − 40.3 1.1 0.0 0.4 LiF − 80.1 2.4 2.3 0.7
HCl − 22.1 − 0.1 − 0.5 − 0.1 NF3 − 31.6 0.4 − 1.1 0.1
Cl2 0.0 − 0.9 − 2.1 − 1.1 SF6 − 291.7 − 0.2 − 3.9 − 6.2
ClO 24.2 − 1.1 − 2.4 − 1.7 AlF − 63.5 2.3 1.7 2.4
ClNO2 2.9 2.5 1.9 0.4 AlF3 − 289.0 5.6 3.7 1.1
HOCl − 17.8 − 0.2 − 0.7 − 0.4 CH2F2 − 107.7 2.0 1.3 0.7
Cl2CO − 52.4 2.4 1.2 0.9 F2 0.0 − 1.7 − 2.9 0.7
CH3CH2CH2CH2Cl − 37.0 − 2.1 − 0.7 0.0 F2O 5.9 − 0.7 − 2.1 − 0.6
C2H5Cl − 26.8 − 0.9 − 0.4 − 0.1 C2F4 − 157.4 6.9 4.8 4.9
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TABLE II. (Continued.)
Hf a G3CEP G3CEP Hf a G3CEP G3CEP
Molecule (exp) (org) (opt) G3 Molecule (exp) (org) (opt) G3
CF3 − 111.3 3.0 0.8 0.9 CF4 − 223.0 3.7 1.4 0.9
BeF2 − 190.3 2.6 1.2 − 2.3 CH 142.5 0.6 − 0.9 1.4
PF5 − 381.1 2.4 − 0.2 − 7.1 CH4 − 17.9 − 0.3 0.5 0.3
PF3 − 229.1 − 1.6 − 3.1 − 4.8 N2 0.0 − 3.0 − 2.4 2.1
POCl3 − 133.8 2.9 1.3 − 3.1 S2 30.7 − 1.9 − 2.2 − 0.9
PCl3 − 69.0 − 0.4 − 1.9 − 3.2 CS2 28.0 1.6 1.4 3.3
PCl5 − 86.1 9.4 6.7 2.4 Si2H6 19.1 1.5 2.8 1.4
P2 34.3 − 1.6 − 1.0 1.9 H2NNH2 22.8 − 1.3 0.0 − 2.1
P4 14.1 − 0.6 0.5 − 4.2 NH 85.2 0.9 − 0.4 0.9
NO2 7.9 1.4 0.8 − 0.2 CH3O 4.1 − 1.1 − 1.2 − 0.8
H2COH − 4.1 − 0.8 0.7 − 0.1 HCO 10.0 0.9 0.4 0.3
NCCN 73.3 − 0.9 − 0.1 − 0.3 CH2=C=CH2 45.5 0.3 0.8 0.5
C3H4 (cyclopropene) 66.2 − 2.1 − 2.0 − 2.2 C6H6 19.7 − 3.2 − 1.4 − 0.6
C4H6 (bicyclobutane) 51.9 − 4.3 − 2.8 − 2.6 CH2CHCN 43.2 − 2.0 − 0.8 − 1.6
C4H10 (isobutane) − 32.1 − 2.2 0.1 0.2 CH3CHO − 39.7 0.2 1.0 0.1
C4H10(transbutane) − 30.0 − 2.0 0.2 0.4 CH3COF − 105.7 − 0.3 − 0.3 0.1
C2H5OCH3 − 51.7 − 0.2 1.4 1.1 CH3S (2A′) 29.8 − 0.1 − 0.2 0.8
C2H5SH − 11.1 1.4 2.9 − 0.4 CH3SCH3 − 8.9 − 2.0 − 0.9 0.0
C4H4O (furan) − 8.3 − 1.9 − 0.9 − 0.5 CH3SiH3 − 7.0 − 0.7 0.7 − 0.2
C2Cl4 − 3.0 4.1 1.9 3.4 (CH3)2SO − 36.2 − 3.1 − 2.1 − 1.5
C4H6 (methylene
cyclopropane)
47.9 0.2 1.7 1.5 (CH3)3N − 5.7 1.2 1.0 0.2
C3H6 (cyclopropane) 12.7 0.8 − 0.7 − 0.7 NaCl − 43.8 1.7 1.3 1.3
AlCl3 − 139.7 6.6 4.8 3.3 Na2 34.0 1.7 2.1 4.0
BF3 − 271.4 2.2 0.3 − 0.5 BCl3 − 96.3 1.0 − 0.8 0.0
SiH2 (1A1) 65.2 2.1 2.5 2.1 CH3SH − 5.5 − 1.9 − 1.2 − 0.4
SiH2 (3B1) 86.2 − 1.5 − 2.1 1.3 CH3ONO − 15.9 − 0.8 − 0.1 − 0.2
ClFO3 − 5.1 − 4.3 − 5.9 9.2 CH3COCl − 58.0 0.2 0.2 0.2
C4H8S
(tetrahydrothiophene)
− 8.2 − 3.7 − 2.0 − 0.4 C4H4N2 (pyrimidine) 46.9 − 4.3 2.6 1.7
(CH3)2CHOCH(CH3)2
(di-isopropyl ether)
− 76.3 − 3.8 − 0.7 1.6 C2H6O2S
(dimethyl sulphone)
− 89.7 − 2.9 − 2.0 − 2.3
CH3CH(OCH3)2
(1,1 dimethoxy ethane)
− 93.1 − 0.7 1.2 1.7 CH3CH2CHCH3NO2
(nitro-s-butane)
− 39.1 − 4.4 − 2.3 1.1
CH3COCH2CH3
(methyl ethyl ketone)
− 57.1 − 1.5 0.2 0.3 C6H5 (phenyl radical) 81.2 − 3.1 − 2.2 − 1.6
CH3-CH=C=CH2
(methyl allene)
38.8 − 1.1 0.5 0.2 (CH3)3COH
(t-butanol)
− 74.7 − 1.2 0.8 0.8
CH3C=OOC =OCH3
(acetic nhydride)
− 136.8 1.9 3.0 2.1 (CH3)3CSH
(t-butanethiol)
− 26.2 − 2.8 − 0.7 1.0
C4H6S
(2,5-dihydrothiophene)
20.8 − 2.6 − 1.2 0.2 C6H4O2
(benzoquinone)
− 29.4 − 2.9 − 1.8 − 1.1
C4H8O
(tetrahydrofuran)
− 44.0 − 2.0 − 0.3 − 0.2 C5H8O
(cyclopentanone)
− 45.9 − 1.3 0.5 0.7
C5H10S
(tetrahydrothiopyran)
− 15.2 − 3.9 − 1.7 0.1 C5H10O
(tetrahydropyran)
− 53.4 − 2.2 0.0 0.3
C5H6S (2-methyl
thiophene)
20.0 − 3.1 − 1.6 0.3 C4H8O2 (1,4 dioxane) − 75.5 − 0.1 1.4 0.9
C6H4F2
(1,3-difluorobenzene)
− 73.9 − 2.0 − 1.8 0.4 C4H8NH
(tetrhydropyrrole)
− 0.8 − 2.6 − 0.3 − 0.7
C6H4F2
(1,4-difluorobenzene)
− 73.3 − 2.0 − 1.8 0.4 CH3CH=CHCHO
(crotonaldehyde)
− 24.0 − 0.2 1.2 0.8
C6H5Cl
(chorobenzene)
12.4 − 1.9 − 0.9 0.2 C10H8 (naphthalene) 35.9 − 3.3 − 0.8 0.5
(CH3)2CHCHO
(isobutanal)
− 51.6 − 2.3 − 0.5 − 0.6 C5H10 (cyclopentane) − 18.3 − 3.2 − 0.9 − 0.5
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TABLE II. (Continued.)
Hf a G3CEP G3CEP Hf a G3CEP G3CEP
Molecules (exp) (org) (opt) G3 Molecules (exp) (org) (opt) G3
(CH3)2CHCN
(isobutane nitrile)
5.6 − 2.5 − 0.5 − 1.1 C5H12 (neopentane) − 40.2 − 2.6 0.1 0.5
(CH3)3CCl (t-butyl
choride)
− 43.5 − 1.0 0.4 1.2 C6H12 (ciclohexane) − 29.5 − 3.5 − 0.6 − 0.2
(CH3)3CNH2
(t-butylamine)
− 28.9 − 2.2 0.5 − 0.1 C6H14 (methyl
pentane)
− 41.1 − 3.3 − 0.1 0.2
(CH3)3COCH3
(t-butyl-methyl ether)
− 67.8 − 4.1 − 1.5 1.4 C6H8 (1,4
cyclohediene)
25.0 − 4.0 − 2.0 − 1.4
CH3CH2OCH2CH3
(diethyl ether)
− 60.3 − 1.1 1.0 0.8 C6H8 (1,3
cyclohediene)
25.4 − 3.4 − 1.3 − 0.9
CH3CH2SSCH2CH3
(diethyl disulfide)
− 17.9 − 2.0 0.3 − 0.8 C8H8
(cyclooctatetraene)
70.7 4.0 − 2.0 − 1.4
CH3C=OOCH(CH3)2
(isopropyl acetate)
− 115.1 − 0.2 1.8 1.3 C6H5F
(fluorobenzene)
− 27.7 − 2.3 − 1.3 − 0.4
CH3C=OCCH (acetyl
acetylene)
15.6 − 4.4 − 3.4 − 2.5 Si(CH3)4
(tetramethylsilane)
− 55.7 − 5.5 − 2.8 − 2.6
C4H6O (divinyl ether) − 3.3 − 2.6 0.3 − 0.2 C10H8 (azulene) 69.1 − 3.8 − 1.2 − 1.6
CH3CH2COCH2CH3 − 61.6 − 1.1 1.1 1.1 CF3Cl − 169.5 2.9 1.6 1.2
MgCl2 − 93.8 3.7 2.8 0.5 NaF − 69.4 2.5 2.1 1.2
C6F5Cl − 194.1 − 1.0 − 3.9 3.2 LiNa 43.4 2.3 2.6 3.3
Al2Cl6 − 309.7 12.9 9.2 9.9 C2F6 − 321.3 6.1 2.8 2.8
C6F6 − 228.4 5.6 2.3 4.1 C6H14 (n-hexane) − 39.9 − 3.0 0.2 0.6
C4H4N2 (pyrazine) 46.8 − 0.9 − 2.6 − 2.7 C5H8 (isoprene) 18.0 − 1.9 0.1 − 0.2
C6H5NH2 (aniline) 20.8 − 2.8 − 0.6 − 1.3 C5H12 (n-pentane) − 35.1 − 2.7 0.1 0.3
C6H5OH (phenol) − 23.0 − 3.4 − 1.8 − 1.6 C6H5CH3 (toluene) 12.0 − 2.6 − 0.5 − 0.9
C7H16 (n-heptane) − 44.9 − 3.5 0.2 0.8 C8H18 (n-octane) − 49.9 − 4.0 0.1 0.9
Cl2O2S − 84.8 − 7.8 − 2.2 − 4.4 C5H7N 24.6 − 5.2 0.3 0.3
aData from Refs. 2, 11, and 13.
always happen indicating that the use of pseudopotential pro-
vides changes in the electronic structure not exactly reproduc-
ing the all electron behavior.
C. Properties of the non-transition third-row elements
G3CEP was applied to 57 molecules and atoms contain-
ing non-transition third-row elements. Five different proper-
ties were calculated and shown in Table VI: atomization en-
ergy (D0 (0K)), enthalpy of formation (H 0f (298K )), ioniza-
tion energy (IP), electron affinity (EA), and proton affinity
(PA). Table VI also shows the experimental data and devia-
tions of G3CEP and G3 calculations with respect to experi-
mental results. The G3CEP results were calculated either us-
ing Rassolov et al. or Binning and Curtiss basis set. The gen-
eral trend of all properties is in excellent agreement with the
experimental data and the all electrons G3 results.
The calculations using either Rassolov’s basis set or
Binning and Curtiss one present very similar behaviors with
53 deviations differing by less than 1 kcal mol−1. Four devi-
ations present relative differences larger than 1 kcal mol−1.
Therefore, the basis set choice does not change significantly
the results for the G3CEP calculations and any of these two
basis sets can provide accurate results usually in a range of
±2 kcal mol−1.
The total average absolute deviations considering only
the properties computed in Table VI is 1.34 kcal mol−1
for G3CEP using Rassolov’s basis set, 1.24 kcal mol−1 for
G3CEP using Binning and Curtiss basis, and 1.17 kcal mol−1
for G3. Atomization energies present similar deviations
(∼=1.1 kcal mol−1) among all the methods. Proton affinities
present an average absolute deviation of 0.35 kcal mol−1 for
G3, while a larger average deviation of 1.15 kcal mol−1 is
obtained for G3CEP using Rassolov’s basis set and 0.70 kcal
mol−1 for G3CEP using Binning and Curtiss bases. Unfor-
tunately, only two results are considered for proton affini-
ties of compounds containing third-row elements and the ef-
ficiency of each alternative cannot be analyzed appropriately.
The electron affinities indicate a slightly better performance
for G3CEP using Rassolov’s basis set with a deviation of
1.12 kcal mol−1, against 1.46 kcal mol−1 for G3CEP
with Binning and Curtiss basis set, and 1.22 kcal mol−1
for G3.
The largest deviations are observed for enthalpy of for-
mation and ionization energies. It is interesting to verify that
for the enthalpies of formation the average absolute deviation
is smaller for G3CEP either using Rassolov’s basis set (0.93
kcal mol−1) or Binning and Curtiss one (0.85 kcal mol−1)
than for G3 (1.95 kcal mol−1). The better tendency of G3CEP
for enthalpies of formation is possibly consequence of the
G3large basis set scaling against atomization energies. On
the other side, the ionization energy presents the opposite
tendency indicating a better performance for G3 (0.90 kcal
mol−1) than for G3CEP with Binning and Curtiss (1.77 kcal
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
143.106.108.169 On: Thu, 02 Jul 2015 13:15:31
034106-10 Pereira et al. J. Chem. Phys. 135, 034106 (2011)
TABLE III. Experimental and calculated ionization potentials (IP in kcal mol−1) for the G3 test set. G3CEP
and G3 are the differences between the experimental data and the G3CEP and G3 calculations, respectively.
IPa IPa
Species (exp) G3CEP G3 Species (exp) G3CEP G3
H 313.6 − 0.8 − 0.6 He 567.0 − 0.2 0.5
Li 124.3 1.5 − 0.2 Be 214.9 − 3.6 − 3.2
B 191.4 1.1 1.5 C 259.7 0.8 1.1
N 335.3 0.4 0.8 O 313.4 0.7 1.4
F 401.7 0.7 0.7 Ne 497.2 − 4.9 − 0.4
Na 118.5 3.9 0.6 Mg 176.3 0.6 − 3.2
Al 138.0 1.6 0.6 Si 187.9 0.2 0.5
P 241.9 − 2.3 0.6 S 238.9 2.6 2.1
Cl 299.1 1.2 1.8 Ar 363.4 -0.4 1.6
CO2 317.6 − 0.2 1.7 CH3CHO 235.9 0.5 − 1.0
OH2 291.0 − 0.2 0.6 BCl3 267.5 0.9 − 1.1
C2H5 (2A′) 187.2 − 0.8 − 1.1 NH2 256.9 − 2.2 0.5
CH3 227.0 − 0.6 − 0.6 COS 257.7 − 0.5 − 0.2
Cl2 265.2 − 1.5 − 0.6 P2 242.8 − 2.1 − 0.5
N2 (2 cation) 359.3 0.9 0.4 PH2 226.5 − 0.5 0.0
ClH 294.0 0.2 0.7 PH3 227.6 0.3 − 0.3
ClF 291.1 − 1.9 0.1 Si2H4 186.6 0.0 − 1.2
CH2SH 173.8 1.0 0.8 CF2 263.3 0.7 − 0.5
NH3 234.8 0.7 0.9 SiH2 211.0 − 0.3 − 1.0
O2 278.3 − 5.1 − 4.0 CH3SH 217.7 − 1.0 − 0.4
CH2S 216.2 − 0.1 0.4 Sec−C3H7 170.0 − 2.1 − 2.2
S2 215.8 − 1.7 − 0.5 CH2 239.7 0.2 0.0
SH2 (2B1) 241.4 0.4 0.6 C3H4 (cyclopropene) 223.0 − 2.6 − 1.5
SiH3 187.6 0.4 − 0.4 C2H4 242.4 − 1.9 − 1.2
Si2H5 175.3 − 1.2 − 2.3 C2H2 262.9 − 0.5 − 0.2
Si2H2 189.1 − 1.8 − 1.4 B2H4 223.7 1.6 2.1
CH3OH 250.4 − 2.7 − 1.6 FH − 369.9 − 0.6 − 0.1
N2H3 175.5 − 0.2 − 0.1 C2H4S (thiirane) 208.7 1.5 − 0.3
HOF 293.1 − 1.3 − 0.2 CS2 232.2 − 2.7 − 0.6
CN 313.6 − 3.9 − 6.1 CH3OF 261.5 − 0.2 − 1.4
CH2CCH2 223.5 − 0.9 − 0.2 NH 312.6 0.0 − 0.1
PH 234.1 − 3.3 − 0.8 Si2H6 224.6 0.5 1.0
CO 323.1 − 0.4 − 0.1 NCCN 308.3 − 0.7 − 0.6
SC 261.3 − 2.0 − 1.4 CH3F 287.6 − 4.9 − 5.0
B2F4 278.3 6.3 7.0 C2H5OH 241.4 − 5.2 − 3.4
CH3Cl 258.7 − 2.8 − 1.7 N2H2 221.1 0.7 -2.0
C4H4O (furan) 203.6 − 2.2 − 1.3 OH 300.0 0.9 1.7
CHO 187.7 − 0.6 − 0.5 C6H6 213.2 − 2.0 − 1.5
H2COH (2A1) 174.2 0.2 0.5 CH4 291.0 − 2.0 − 0.8
SH 238.1 0.3 1.0 C4H5N (pyrrole) 189.3 − 0.3 0.6
SiH4 253.7 0.0 − 0.5 N2 (2 cation) 385.1 − 1.1 0.7
CH3O 247.3 − 0.5 − 0.3 BF3 358.8 − 1.8 − 1.1
C6H5NH2 (aniline) 178.0 − 1.8 − 1.2 C6H5CH3 (toluene) 203.6 − 2.6 − 1.6
C6H5OH (phenol) 196.2 − 2.3 − 1.7
aData from Refs. 2 and 13.
mol−1) or Rassolov’s (1.85 kcal mol−1) basis set. Even with
larger deviations, G3CEP provides ionization energies with
deviations lower than 0.1 eV, which is reached only by accu-
rate ab initio calculations.
Some particular cases should be discussed indicating
further need of refinements in G3CEP. The KF molecule
was not included in Table VI. The very high difference be-
tween the electronegativity of fluorine and potassium pro-
vided a significant distortion of the electronic distribution
and consequently an unrealistic bond length lower than 1 Å.
Table VI shows that potassium presents an unusual high ion-
ization potential and a very negative electron affinity indicat-
ing that the electronic distribution is more compact than ex-
pected. Neither variational nor other partial optimizations of
the G3large basis set were capable of providing better results.
It is worth noting that G3 provides accurate ionization en-
ergy for potassium, but also is not so accurate for its electron
affinity.
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TABLE IV. Experimental and calculated electron affinities (EA in kcal mol−1) for the G3 test set. G3CEP and
G3 are the differences between the experimental data and the G3CEP and G3 calculations, respectively.
EAa EAa
Species (exp) G3CEP G3 Species (exp) G3CEP G3
C 29.1 1.2 1.6 SO2 25.5 1.2 − 1.8
Al 10.2 0.7 1.2 C2 75.5 0.3 2.7
B 6.4 0.9 1.7 C2H 68.5 2.0 − 0.6
Cl 83.4 − 1.3 0.2 HO2 24.9 − 1.2 0.3
F 78.4 − 1.4 0.0 NO 0.5 0.2 0.6
Li 14.3 − 4.2 − 2.8 C2H3 15.4 0.0 0.3
O 33.7 1.1 2.9 S2 38.3 0.3 − 0.2
P 17.2 1.3 0.8 CH 28.6 − 0.2 1.4
S 47.9 − 0.1 0.3 CH3CH2O 39.5 1.6 − 0.9
Si 31.9 − 0.8 0.1 S2O 43.3 − 0.7 − 2.6
Na 12.6 − 4.5 − 3.6 CH3O 36.2 − 0.9 0.4
SiH3 32.5 0.5 − 0.4 CF2 4.1 0.3 0.0
SiH2 25.9 1.5 1.1 CH2CHC 41.4 − 1.3 − 0.6
OH 42.2 1.1 1.2 CH2CHCH2 10.9 0.8 0.7
O2 10.1 − 1.3 0.9 CH3CH2S 45.0 − 0.7 − 0.2
LiH 7.9 0.9 − 1.2 CH2CHO 42.1 − 2.0 − 0.2
O3 48.5 − 1.6 0.0 CH3S 43.1 − 0.6 0.2
HS 54.4 0.4 0.9 CHCO 54.2 − 1.1 0.9
Cl2 55.1 − 2.5 − 1.8 NCO 83.2 − 0.8 0.7
CH3 1.8 1.0 2.7 HNO 7.8 − 0.5 1.0
CN 89.0 0.2 − 1.6 PH 23.8 0.9 1.2
NH2 17.8 0.0 1.7 HCF 12.5 0.2 0.3
NH 8.8 2.5 4.3 PO 25.1 0.2 − 1.4
NO2 52.4 0.3 − 0.2 OF 52.4 1.0 0.4
CH3CO 9.8 − 0.8 0.5 SiH 29.4 0.3 0.1
HCO 7.2 − 1.1 0.1 CH2NC 24.4 1.0 − 1.1
CH2 15.0 1.1 1.6 C2O 52.8 − 0.3 0.0
PH2 29.3 − 0.3 0.0 CH2CN 35.6 − 0.3 0.6
CH2S 10.7 − 0.6 0.0 H2CCCH 20.6 1.1 − 0.3
aData from Ref. 2.
D. General performance and the CPU time
Figure 3 shows the general average absolute deviation
with respect to experimental data for different properties
treated along this paper using the G3CEP and G3 theories.
The deviations of G3CEP using Rassolov’s basis set20 for
third-row elements were referred to as G3CEP-R, while those
using Binning and Curtiss basis set22 were named G3CEP-
B. The similar statistical behavior is clearly seen for all the
properties and any of the basis set alternatives. The largest
difference between G3 and G3CEP is observed for the ion-
TABLE V. Experimental and calculated proton affinities (PA in kcal
mol−1) for the G3 test set. G3CEP and G3 are the differences between
the experimental data and the G3CEP and G3 calculations, respectively.
Molecule PA a (exp) G3CEP G3
H2O 165.1 1.4 1.7
NH3 202.5 − 0.8 − 0.6
C2H2 152.3 − 0.4 − 0.5
H2 100.8 1.5 1.5
HCl 133.6 1.5 1.0
PH3 187.1 − 0.5 1.8
SH2 168.8 2.2 1.8
SiH4 154.0 1.1 1.7
aData from Ref. 2.
ization energies (IP), which present a deviation of 1.1 kcal
mol−1 for G3 and 1.5 kcal mol−1 for G3CEP. These devia-
tions are acceptable when compared with high level ab initio
FIG. 3. Average absolute deviations with respect to experimental data for G3
and G3CEP theories on a test set comprising 446 species containing first-,
second-, and non-transition third-row atoms. G3CEP-R results were calcu-
lated with Rassolov’s basis set and G3CEP-B were calculated with Binning
and Curtiss one for elements of the third period. Obs: D0 = atomization en-
ergy, Hf = enthalpy of formation, IP = ionization energy, EA = electron
affinity, PA = proton affinity.
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TABLE VI. Experimental and calculated atomization energy (D0 (0K)), enthalpy of formation (H0f (298 K)), ionization energy (IP), electron affinities (EA)
and proton affinity (PA) for molecules containing non-transition third-row elements using the G3 test set (Data in kcal mol−1). G3CEP and G3 are the
differences between the experimental data and the G3CEP and G3 calculations, respectively. Two basis sets were used with G3CEP: Rassolov et al. (Ref. 20)
and Binning and Curtiss (Ref. 22).
G3CEP
Species Expa Rassolov et al. Binning and Curtiss G3
D0 (0K) As2 91.3 − 0.2 0.1 − 0.4
AsH2 131.1 − 1.6 − 1.0 − 0.8
AsH3 206.0 0.5 1.0 1.4
AsH 64.6 − 0.2 0.1 − 0.1
BrF 58.9 − 0.3 0.1 0.3
BrCl 51.5 1.1 0.7 0.3
Br2 45.4 2.8 1.2 − 0.1
BBr 103.5 0.0 0.5 0.7
BrO 55.3 − 0.3 0.2 0.1
CH3Br 358.2 0.1 0.1 − 0.3
GaCl 109.9 − 3.7 − 3.8 − 1.5
GeH4 270.5 1.3 0.7 − 2.5
GeO 155.2 − 4.3 − 4.8 − 1.6
GeS2 191.7 2.8 2.3 − 1.9
HBr 86.5 − 0.1 0.0 − 0.2
K2 12.6 − 1.7 − 1.8 − 3.7
KBr 90.5 0.6 0.5 − 0.5
KCl 101.0 − 1.3 − 1.2 1.9
KrF2 21.9 1.4 − 0.1 − 0.6
NaBr 86.2 − 0.8 − 0.9 − 2.3
SeH 74.3 − 1.5 − 1.4 − 1.1
SeH2 153.2 − 0.1 0.0 0.9
Hf (298 K) C2H3Br 18.9 1.2 1.1 2.0
C2H5Br − 14.8 0.0 0.0 1.2
C3H6Br2 − 17.1 − 0.1 − 0.2 2.7
C3H7Br − 23.8 − 0.9 − 1.0 0.6
CCl3Br − 10.0 2.9 2.5 2.9
CF3Br − 155.0 0.7 0.4 2.3
COBr2 − 27.1 1.8 1.5 2.7
CHF2Br − 101.6 1.1 0.8 1.2
C5H8Br2 − 13.1 − 1.2 − 1.3 3.2
C6H13Br − 35.4 − 0.3 − 0.4 1.2
C6H5Br 25.2 0.0 − 0.2 1.5
IP K 100.1 6.9 6.9 0.9
Ca 140.9 2.3 − 2.0 − 1.7
Ga 138.3 1.0 1.2 − 0.2
Ge 182.2 2.6 2.8 − 0.1
As 225.7 − 0.6 0.7 − 0.4
Se 224.9 1.8 2.1 1.0
Br 272.4 1.6 1.7 0.5
Kr 322.8 2.9 2.9 1.3
AsH2 217.8 − 1.2 − 0.8 − 0.8
AsH 222.3 − 1.8 0.4 − 1.0
Br2 242.6 0.9 0.8 − 0.2
BrF 271.7 1.0 1.4 0.7
HBr 268.9 2.2 1.9 0.8
NaBr 191.6 − 1.8 − 2.0 − 4.9
HOBr 245.3 − 0.3 − 0.2 − 0.4
SeH 227.0 1.3 1.3 0.1
SeH2 228.0 1.2 1.0 − 0.3
EA K 11.5 − 2.5 − 4.3 − 3.4
Ge 28.4 0.9 0.9 − 0.5
Br 77.6 0.8 0.3 − 0.5
BrO 54.4 − 0.9 − 1.7 − 1.3
SeH 51.0 0.5 − 0.1 − 0.4
PA CH3Br 157.3 − 0.7 − 0.5 0.4
Br − 322.6 − 1.6 − 0.9 − 0.3
aData from Ref. 11.
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TABLE VII. Reduction of CPU time in percentage (%)a,b for each step of G3CEP with respect to G3 calculation
for some selected molecules.
MP4 MP2 Total
HF (opt) HF (freq) MP2 (full) MP4 (+) (2df,p) (QCIS) (G3large) time
Molecules (%) (%) (%) (%) (%) (%) (%) (%)
C2H6 0.00 5.56 9.80 9.09 4.32 0.00 13.16 7.20
HCN 0.00 3.03 3.70 5.26 4.26 0.00 17.04 7.65
CH3OCH3 25.24 16.44 29.10 4.35 5.90 6.25 11.67 8.68
LiH 20.69 6.67 10.94 7.14 5.56 13.33 5.26 11.92
SC 16.36 29.27 36.96 15.00 30.61 10.00 23.31 25.34
SiCl4 13.43 79.44 84.44 8.17 6.46 8.28 49.41 28.23
C5H5N 19.05 27.52 28.85 2.96 14.34 3.29 11.92 13.04
CH3COCl 2.27 44.14 56.04 13.19 2.58 12.87 13.50 10.50
BCl3 50.00 49.38 56.91 20.10 10.37 6.96 49.01 34.58
POCl3 53.22 78.50 77.36 5.76 5.41 2.81 38.72 19.80
CH3SiH3 0.00 24.49 37.84 11.11 17.49 9.52 49.83 34.62
PCl3 17.11 54.02 79.47 7.05 10.91 2.52 44.69 29.66
SCl2 27.12 42.86 53.91 14.75 22.84 14.55 9.30 17.79
N2O3 6.62 13.46 41.04 0.55 9.31 0.67 18.80 11.31
GeS2 33.88 75.86 60.20 53.59 57.26 36.89 27.54 38.45
KBr 54.79 59.21 66.93 64.84 69.46 62.14 30.09 46.42
C6H5Br 58.45 39.75 54.03 58.36 58.11 52.96 26.17 56.08
aCalculated by: [1 – (G3CEP time)/(G3 time)] × 100%.
bCalculations carried out with a single processor using an Intel Core2 Quad Q6600.
calculations. The best performance of G3 and G3CEP is
reached for the calculations of EA. The 63 electron affinities
were reproduced with an absolute deviation of less than 1.0
kcal mol−1 either using G3 or G3CEP.
Besides the possibility to reproduce the experimental
measurements of the thermodynamic properties, an impor-
tant consequence of the use of pseudopotencial is the ex-
pected reduction in CPU time. The computational economy
using G3CEP depends on the number of atoms and the num-
ber of inner electrons substituted by the pseudopotential. In
general, the CPU time for a complete set of G3CEP cal-
culations for molecules considered in this work is reduced
by 7% to 56% of the time required for the full G3 calcula-
tion. Table VII shows examples of calculations carried out
on a single processor using an Intel Core2 Quad Q6600.
All the molecules started from the same geometries. It is in-
teresting to note that some particular steps are strongly af-
fected in terms of CPU time by the use of pseudopoten-
tial. If the relative CPU time is considered for each step,
the MP2/G3large, MP2(full), and HF frequencies are reduced
when compared with all-electron calculations. Both MP4
steps present a CPU economy not as large as the MP2 calcu-
lations. However, considering the absolute CPU time, G3CEP
yielded significant reduction in CPU time at the MP2/G3large
step.
The successful preliminary tests carried out with the im-
plementation of pseudopotential for 446 species have shown
interesting perspectives for the Gn theory, for example, more
adapted or flexible basis set developed to be used along
pseudopotential23–25 in order to minimize the deviations be-
tween calculated and experimental results or the application
of other pseudopotentials, which is in progress.
IV. CONCLUSION
Compact effective pseudopotential (CEP) was adapted to
G3 theory and applied to the calculation of enthalpies of for-
mation, ionization energies, and electron and proton affini-
ties for 446 atoms and molecules containing elements of the
first-, second-, and non-transition third-row of the periodic ta-
ble. The adaptation preserved as much as possible the original
characteristics of G3 developed by Curtiss et al.2 and is re-
ferred to as G3CEP. In other words, adaptations were carried
out using CEP with the valence Gaussians, polarization and
diffuse functions from the respective original basis set used in
G3. The G3large basis set also had the innermost contracted
set removed and substituted by the pseudopotential. The re-
maining G3large basis set was then adapted using an optimum
scaling parameter obtained from the minimum absolute devi-
ation of the calculated enthalpies of formation with respect to
the experimental data. Only the following first- and second-
row atoms were adapted to an arbitrary small set of molecules:
fluorine, phosphorous, oxygen, chlorine, and nitrogen with
optimum scaling exponents equal to 0.9125, 0.8173, 0.9400,
1.0262, and 0.9660, respectively. For the third-row elements
the following atoms were scaled: As, Se, and Br with opti-
mum scaling parameter equal to 0.8282, 0.8133, and 0.8330,
respectively, using Rassolov’s basis set and equal to 0.8673,
0.8295, and 0.8462 for calculations using Binning and Curtiss
basis set. The final G3CEP adaptation was the optimization of
the HLC parameters with respect to all the experimental en-
thalpies of formation, ionization energies, and electron and
proton affinities.
The final implementation presented a global average total
absolute deviation of 1.29 kcal mol−1 against 1.16 kcal mol−1
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from all-electron G3 for the same calculations. Proton and
electron affinities presented the same accuracy than G3 using
either the optimized HLC parameters or the original ones.
Another important aspect associated with the use of
G3CEP is the reduction of CPU time. In general CPU time
has been reduced by 7% to 56% depending on the size of the
molecule and type of atom present in the structure.
Summarizing, the use of pseudopotential seems to be
feasible in G3 providing energies compatible with the
all electron method and reducing the CPU time of the
calculations.
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